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Abstract — While data from various devices as Internet of Things (IoT) are scattered and isolated as silos at present, some 
expect that hundreds of billions of devices will be connected through the Internet by the early 2020s. To prevent radio 
interference of huge amounts of data, it is necessary to develop ubiquitous wearable devices that enable constant retention 
and sharing of data. We aim to establish the basic packaging technology for realizing the semiconductive thin films and 
circuits that make up such electronic devices, and we fabricated thin films using highly crystalline single-walled carbon 
nanotubes (HC-SWCNTs) by a wet-coating process and evaluated their electrical properties in this study. Our research has 
developed a technology to disperse HC-SWCNTs without impairing their crystallinity and succeeded in fabricating thin films 
from a dispersion liquid of HC-SWCNTs obtained by this technology. We also evaluated the Hall mobility of these thin films 
and found that a high Hall mobility of 1,000 cm2/Vs can be achieved by controlling the crystallinity. On the basis of the 
results of this study, we will pursue our research to establish a technology for packaging electronic circuits that take full 
advantage of the electronic properties of HC-SWCNTs by a wet-coating process. 
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I. Introduction 

As more electronic devices around us become compatible with the Internet of Things (IoT), networks are being constructed 
to share information among various devices. While data from various devices are scattered and isolated as silos at present, 
some expect that hundreds of billions of devices will be connected through the Internet by the early 2020s. Although huge 
amounts of data and information are constantly generated, they cannot be shared as long as they are isolated as silos. To deal 
with this issue, it is necessary to develop wearable devices that enable constant retention and sharing of data [1]. Namely, it 
is desirable to realize wearable electronic devices having nonconventional functions [2-4], such as flexibility that renders 
them foldable or windable, a light weight, conformability to irregular surfaces [5-7], and comfort while wearing as well as a 
large area and transparency [8, 9]. 

Taking advantage of the high Hall mobility that is theoretically expected of highly crystalline single-walled carbon nanotubes 
(HC-SWCNTs)[10-14], we aim to establish the basic packaging technology for energy-efficient wearable devices that are 
capable of a high-frequency response with almost zero energy loss. With the aim of realizing a low-carbon and energy- 
efficient process for the basic performance elements (semiconductive thin films and circuits) that make up devices, we 
fabricated thin films using HC-SWCNTs by a wet-coating process [15, 16] and evaluated their electrical properties in this 
study. The SWCNTs used in this study have high potential for use as a semiconductor and have been studied for applications 
to thin-film transistors (TFTs) for displays [17-20], integrated circuit (IC) tags [21-24], and sensors [25-28] in the field of 
conventional applied research and development. SWCNTs consist of 60-80% semiconductor tubes and 20-40% metal tubes 
[29], but the technologies to take advantage of their excellent semiconductor properties have not yet been established. In this 
study, we attempted to fabricate thin films by supporting SWCNTs on a matrix of indium tin oxide (ITO) so that the 
SWCNTs act as conductive paths in the thin films. 

Although metal oxide films have conventionally been used as materials for electronic elements [31, 32] such as thin-film 
transistors and display devices, metal oxide films with a higher mobility are required in order to improve the performance of 
electronic elements and display devices. The results of past research have not satisfied this requirement for metal oxide films. 
Also, the mobility in metal oxide-carbon composite thin films has remained unclarified. The purpose of this study was to 
fabricate high-mobility thin films containing HC-SWCNTs by a wet-coating process while suppressing the amount of HC- 
SWCNTs added. Another aim was to devise a simple technique for fabricating semiconductive thin films with high mobility 
using fewer HC-SWCNTs under atmospheric pressure. 
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II. Experimental 

2.1 Synthesis of metal oxides 

The semiconductive films used in this study consist mainly of ITO as the metal oxide and contain a small amount of carbon 
nanotubes (CNTs). In ITO, tin oxide is a solid solute in indium oxide and its composition varies with the manufacturing 
conditions [15, 33, 34]. Some organic components may remain when a metalorganic compound is used as the starting 
material and the sintering temperature is low; however, the ITO contents in this study represent the values obtained assuming 
that the indium and tin contained in the field electron emission films are oxides of stoichiometric composition [16, 35]. 

The semiconductive films fabricated in this study essentially consist of indium oxide, tin oxide, partial decomposition 
products of organic compounds associated with the raw materials (indium and tin), organic substances derived from the raw 
materials, and HC-SWCNTs. The conducting films can contain conductive materials, such as metal particles, that do not 
cause adverse effects on the properties of conductive films fabricated from the materials listed above. However, 
fundamentally, these films do not contain insulating materials because such materials decrease the conductivity of the films. 

The semiconductive films in this study are formed on a Ta substrate using SWCNTs (whose content is controlled within the 
range of 0.1-20 wt%) as the conductive material. While there is no limit to the type of substrate, a conductive substrate is 
preferable because such a substrate provides a higher degree of freedom in terms of electrical connections. Thin films with 
homogeneously dispersed SWCNTs are obtained by coating the substrate with a dispersion liquid, which consists of a 
material containing indium and a material containing tin, which are precursors of ITO, and CNTs, that forms a wet film 
coating on the substrate by spray coating, spin coating, dip coating, or any other generally used method, and then heating and 
sintering the wet film coating to form a CNT-containing ITO film. Thin films mainly consisting of ITO and containing a 
small amount of SWCNTs can be obtained by heating (sintering) the above-mentioned wet film coating at 430 °C. The 
sintering is performed in a low-vacuum atmosphere of about 0.1 Pa. 

Arc-SWCNTs (ASP-100F; Hanwha Chemicals Co. Ltd., Korea) are used in this study. Highly crystalline SWCNTs are 
obtained by annealing the SWCNTs at a high temperature (973 K) under a high vacuum (pressure >10‘ 4 Pa). 

2.2 Initial dispersion liquid 

A mixture of 0.01 g of the above-mentioned HC-SWCNTs, -30 g of ethyl cellulose (48^19.5%, ethoxy 100 cP; Kanto 
Chemical Co., Inc.), and -160 g of butyl acetate is prepared. This mixture is subjected to ultrasonic dispersion for 30 min. 
After the ultrasonic dispersion, the mixture is processed ten times to disperse and collide with ink droplets including HC- 
SWCNTs and micro-scaled media beads by a jet mill (HJP-25001; Sugino Machine Limited) at a discharge pressure of 60 
MPa to obtain a homogeneous dispersion liquid of SWCNTs. 

A mixture of the above-mentioned dispersion liquid of SWCNTs and ethyl cellulose (48^19.5%, ethoxy 100 cP; Kanto 
Chemical Co., Inc.) is prepared. The obtained mixture is then mixed with -15 mL (17.45 g) of ITO-05C (ITO dipping 
material; Kojundo Chemical Laboratory Co., Ltd.) and subjected to ultrasonic dispersion for 30 min. After the ultrasonic 
dispersion, the mixture is processed several times using a jet mill (HJP-25001) at a discharge pressure of 60 MPa to obtain 
the dispersion liquid used as the starting material. The mass of the ITO film obtained by applying and sintering ITO-05C is 
2-3% of that of the ITO-05C. 

2.3 SWCNT-containing ITO films 

The surface of a 0.1-mm-thick Ta substrate (tantalum plate) is coated with the above-mentioned dispersion liquid of 
SWCNTs using a static coating spray. The thickness of the film coating is adjusted so that the film thickness after sintering 
becomes 20 pm. The Ta substrate coated with the dispersion liquid of SWCNTs is heated and dried at 230 °C in air for 30 
min. After that, the Ta substrate coated with the dried dispersion liquid of SWCNTs is heated to 470 °C under reduced 
pressure (0.001 Pa) for 90 min and then left to stand for 30 min to form an SWCNT-containing ITO film on the Ta substrate. 
Also, SWCNT-containing ITO films that are to be used as a reference are formed on a Ta substrate by the method described 
above using SWCNTs that are not annealed (not processed at 973 K in a vacuum for 3 h). 

Figure 1 shows a transmission electron microscopy (TEM; HR-3000; Hitachi High Tech. Co., Ltd., Japan) image of 
SWCNTs annealed to achieve high crystallinity and that of nonannealed SWCNTs, showing the difference in crystallinity 
between them. Nanobubble-like crystalline discontinuities are observed in the wall of the nonannealed SWCNTs [36, 37], 
indicating that there is a difference in crystallinity between the annealed and nonannealed SWCNTs. 
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Fig. 1: TEM images of SWCNTs (accelerating voltage, 200 kV) 
(a) Commercial SWCNTs and (b) highly crystalline SWCNTs 

III. Results and Discussion 


3.1 Evaluation of film coating 

The amount of SWCNTs added to thin films is controlled arbitrarily in this study. Figure 2 shows thin films containing 
controlled amounts of highly crystalline HC-SWCNTs. The density of HC-SWCNTs added to the thin films is defined as the 
weight of added HC-SWCNTs per unit area (weight density). 


SWCNTs bundle(g) 


Substrate size( m 2 ) 


FIG. 2: Schematic of definition of weight density (top) and SEM images of surface of thin films containing 

HC-SWCNTs at controlled weight densities (bottom). 

(a) 3.85 x 10' 4 g/m 2 , (b) 5.68 x 10 3 g/m 2 , (c) 9.78 x 10 3 g/m 2 , and (d) 1.36 x 10 2 g/m 2 . 
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The dispersion state of SWCNTs with crystal defects is similar to that of HC-SWCNTs. Scanning electron microscopy 
(SEM) images show no difference in the appearance of dispersion states among SWCNTs with different crystallinity. 

3.2 Measurement of mobility of SWCNT-containing ITO films 

The Hall mobility of SWCNT-containing ITO films is obtained by the time-of-flight (TOF) method [38-40]. In this method, 
the thin films to be measured are irradiated with visible light and the time-dependent responsiveness of electric current 
flowing through the thin films is measured. Figure 3 shows a schematic of the measurement. In this study, thin films are 
irradiated with pulsed light for an arbitrarily controlled irradiation time and the responsiveness of electric current flowing 
after the irradiation is analyzed using an oscilloscope. On the basis of the time taken for electrons (current) generated in a 
thin film to reach the counter electrode [t (s)], the distance between the electrodes [L (cm)], and the electric field applied to 
the thin film (V/cm), the charge-transfer rate per unit electric field and per unit time fi is given by the following Eq. (1). 
Table 1 shows the conditions for the measurement of mobility. 

M = L/[t x (V7L)](cm 2 /Vs) (1) 


Counter electrode 



The oscilloscope used for the measurement is a 3000T X-Series oscilloscope (1 GHz; Keysight Technologies). 


Table 1 

Conditions for mobility measurement 


Measurement sample size 

10 mm x 10 mm x 20 pm 

Visible transparent electrode 

ITO film formed by sputtering method 

Counter electrode 

Ta substrate 

Region formed between visible transparent electrode and 
counter electrode 

10 x 10 mm 2 

Excitation light source 

Halogen lamp 

Applied voltage 

100 V (DC) 


Figure 4 shows the obtained Hall mobilities of thin films containing HC-SWCNTs at arbitrary controlled weight densities. 
The Hall mobility of ITO films alone and that of the thin films containing SWCNTs with crystal defects at arbitrary 
controlled weight densities are also measured as references. The results show that the Hall mobility increases as the weight 
density of SWCNTs increases. The highest Hall mobility of 1,000 cm 2 /Vs is achieved in the thin film containing HC- 
SWCNTs at a weight density of about 1.2 x 10' 2 g/m 2 . In addition, the Hall mobility varies considerably with the 
crystallinity; namely, it decreases to one-tenth owing to the presence of crystal defects. The Hall mobility is dependent on the 
crystallinity of the SWCNTs. 
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Weight density of SWCNTs in a thin film / g-m 2 

Fig. 4 Dependence of Hall mobility on weight density for different crystallinities of SWCNTs 

It is known that CNTs, including SWCNTs, have a high theoretical mobility of 5,000-10,000 cm 2 /Vs [41, 42]. In the CNT- 
containing films formed by a coating method, however, there is electrical resistance at contact points among the CNTs 
because many CNTs are arranged in a netlike pattern, as shown in Fig. 1. By reducing the electrical resistance among CNTs, 
their high potential can be realized in applications. Therefore, a variety of research and development projects related to CNT 
structure formation and control at the nanometer (one-millionth of a millimeter) scale have been carried out, aiming at 
obtaining CNTs with a small range of variation in diameter. To discuss the mobility shown in Fig. 4, we evaluate the 
significant variation in contact resistance resulting from the difference in the crystallinity of SWCNTs [43-46]. Nanotubes 
are dispersed on a Ta substrate and their contact resistance is evaluated using a tunneling current detection scanning probe 
microscope [SPM; MultiMode8 PeakForce TUNA (tunneling AFM); Bruker Japan K.K.]. An arbitrary voltage is applied 
between the sample and the probe and the current flowing in the measurement circuit shown in Fig. 5 is obtained. 



The SPM probe used in this study is a silicon-nitride-based cantilever with a platinum-iridium-coated tip (PeakForce TUNA, 
Bruker Japan K.K., spring constant = 0.4 N/m). Table 2 shows the measurement conditions used for all samples. 
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Table 2 

Conditions for SPM measurement 


Measured area 

1 X 1 jim 2 

Scan rate 

0.18-0.20 Hz 

Amplitude setpoint 

250 mV 

Drive amplitude 

750-825 mV 

DC bias 

-1.5 V 


Figure 6 shows three-dimensional images of SWCNTs and SWCNT bundles prepared by dispersing SWCNTs in acetone on 
a Si substrate without using a dispersant, followed by heating the substrate at 150°C to dry and vaporize the acetone. The 
figure also shows images of the current distribution at the same locations. Figures 6(a) and 6(b) are images of HC-SWCNTs 
and Figs. 6(c) and 6(d) are images of SWCNTs with crystal defects. In the images of the current distribution, the dark brown 
color represents the areas in which electric current is detected. The areas are arranged almost in the shape of CNTs. These 
images show that in SWCNTs with crystal defects, the areas in which electric current is detected are more discontinuous than 
those in HC-SWCNTs and that electric current does not flow homogeneously in some areas. Also, contact resistance occurs 
at the contact points among CNTs or CNT bundles. In particular, electric current is not detected because of the high contact 
resistance at many of the contact points among the SWCNTs with crystal defects. Figure 7 shows the current-voltage (IV) 
characteristics at selected contact points in each sample. The measurement points are indicated by arrows in Fig. 6 (points A- 
F). The graph shows that the contact resistance in SWCNTs with crystal defects is relatively high compared with that in HC- 
SWCNTs. Because the internal resistance of CNTs is inhomogeneous, it is assumed that the areas of CNTs with high internal 
resistance come into contact with each other with high probability, making it difficult for electric current to flow. The contact 
resistance of the samples is depended on the crystallinity of CNTs can be determined from the IV characteristics of these 
samples. The above results indicate that the electric current flowing through SWCNTs depends on their crystallinity. 



Fig. 6: SPM images. 

(a), (c) Three-dimensional images and (b), (d) distribution of electric current induced by applied voltage, 
(a), (b) HC-SWCNTs dispersed on a Ta substrate and (c), (d) SWCNTs with crystal defects. 
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Fig. 7: IV characteristics at points A-F indicated by arrows in Figs. 6(b) and 6(d). 

From Figs. 4, 6, and 7, we found that the Hall mobility can be greatly improved by controlling the density of added SWCNTs 
(weight density) and their crystallinity. The reason for this is that the Hall mobility reflects the increase or decrease in the 
number of contact points among SWCNTs as a result of controlling the density of added SWCNTs, as well as the changes in 
the contact resistance among the SWCNTs and their internal resistance resulting from the control of crystallinity. It is 
assumed that the Hall mobility of 1,000 cm 2 /Vs can be achieved because the contact resistance among CNTs is small in HC- 
SWCNTs and therefore, the electric charge passes through multiple contact points (indicated by blue circles in Fig. 8) 
forming the shortest path in accordance with the density and arrangement of CNTs [Figs. 8(a) and 8(b)]. On the other hand, a 
path for the flow of electric charge is formed less easily in SWCNTs with crystal defects because of the higher internal 
resistance and contact resistance of the CNTs. The electric charge takes a less direct path as shown in Fig. 8(c), resulting in 
the low Hall mobility. 



Fig. 8: Paths of electrons flowing through SWCNTs 


IV. Conclusion 

In this study, we fabricated SWCNT-containing thin films by a wet-coating process and evaluated the dependence of the Hall 
mobility on the weight density of added SWCNTs per unit area and the crystallinity of SWCNTs. Because CNTs, including 
SWCNTs, have semiconductive or metallic conductive properties, studies have been carried out with the aim of fabricating 
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semiconductive thin films containing semiconductive SWCNTs and taking advantage of their properties. However, the 
research and development of practical applications of SWCNT-containing thin films have been limited because the handling 
and control of SWCNTs are difficult owing to their fibrous form, and the homogeneous dispersion of SWCNTs by a wet- 
coating process is also difficult. Our research team has developed a technology to disperse SWCNTs without impairing their 
crystallinity and succeeded in fabricating thin films from a dispersion liquid of SWCNTs obtained by this technology. We 
also evaluated the Hall mobility of these thin films and found that a high Hall mobility of 1,000 cm 2 /Vs can be achieved by 
controlling the crystallinity. 

The analysis of the conductive characteristics of SWCNTs using an SPM for tunneling current detection revealed that the 
resistance characteristics of SWCNTs depend on their crystallinity. Although it has been theoretically predicted that the 
conductive characteristics of CNTs depend on their crystallinity[47], this was the first time ever that the crystallinity 
dependence of conductive characteristics was demonstrated by an SPM-based analysis. The control of the Hall mobility of 
thin films was realized by using highly crystalline CNTs, including HC-SWCNTs, and controlling the weight density of the 
CNTs contained in the thin films. The results of this study showed the possibility of using CNT-containing semiconductive 
films formed on a substrate of arbitrary shape as ubiquitous devices. It is expected that the electron mobility of thin films will 
be further increased by synthesizing SWCNTs with zero defects and improving the composition of SWCNT thin films as 
well as that of the ITO matrix. On the basis of the results of this study, we will pursue our research to establish a technology 
for packaging electronic circuits that take full advantage of the electronic properties of HC-SWCNTs by a wet-coating 
process, and thus, to develop environmentally friendly semiconductor devices with high packaging density. Our goal is to 
realize thin films with low energy losses exhibiting a Hall mobility that is near the theoretical value for CNTs. 
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